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The goal of this study was to investigate the role of inferred parvocellular (PC) and magnocellular (MC) pathways in spatial
contrast sensitivity. Localized, spatially narrow-band patterns (sixth derivatives of Gaussians, D6s) were presented at various peak
spatial frequencies. When the D6 appeared on a pulsed luminance pedestal (Pulsed-Pedestal Paradigm), the spatial contrast sen-
sitivity showed a band-pass shape with good contrast sensitivity at medium spatial frequencies. When the D6 appeared on a steady
luminance pedestal (Steady-Pedestal Paradigm), the spatial contrast sensitivity showed a low-pass shape with decreased sensitivity at
high spatial frequencies. The band-pass CSF was interpreted as reﬂecting PC-pathway mediation; the lower spatial frequency region
of the low-pass CSF as reﬂecting MC-pathway mediation.
 2003 Elsevier Ltd. All rights reserved.
Keywords: Psychophysics; Spatial frequency; Contrast sensitivity; Parvocellular; Magnocellular1. Introduction
The psychophysical spatial contrast sensitivity func-
tion represents the envelope of the sensitivities of mul-
tiple underlying spatial frequency channels (DeValois &
DeValois, 1988; Graham, 1989). In higher order vision,
these channels are also tuned for spatial orientation.
One question that has not been solved is how the mul-
tiple higher order spatial frequency channels are related
to the circular center-surround ﬁelds of the retina.
Retinal ganglion cells processing achromatic stimuli are
organized in two major pathways, the magnocellular
and parvocellular pathways (MC and PC). These path-
ways are distinguished by diﬀering spatial, temporal and
contrast gain properties. Numerous psychophysical
studies (Kulikowski & Tolhurst, 1973; Legge, 1978;
Wilson, 1980) have used the temporal waveform of the
stimulus to distinguish the roles of both MC- and PC-
pathways in spatial frequency processing. These results
suggested MC-pathway mechanisms operate at low
spatial frequencies and PC-pathway mechanisms oper-
ate at high spatial frequencies. While these studies es-
tablished contributions of both pathways to the* Corresponding author. Present address: Schepens Eye Research
Institute, 20 Staniford Street, Boston, MA 02114, USA.
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use of diﬀerent temporal parameters mitigated against
precise analysis of the relative contributions.
The goal of the current work was to develop a tech-
nique to measure and compare the spatial contrast
sensitivity associated with stimulation of the MC- and
PC-pathways. Pokorny and Smith (1997) developed
Pulsed- and Steady-Pedestal Paradigms that were in-
terpreted to reﬂect contrast discrimination mediated by
the PC- and MC-pathways. The strategy was to separate
the pathways on the basis of their diﬀerent contrast gain
properties (Kaplan & Shapley, 1986). The stimulus ar-
ray, four squares with small separations, was identical in
both paradigms; the paradigms diﬀered only in the inter-
stimulus adaptation. One square was designated to be
the test on each trial and incremented/decremented rel-
ative to the other three. In the Pulsed-Pedestal Para-
digm, the four-square stimulus array appeared as a
contrast change with a further increment/decrement in
the test square. In this case, the pulsed pedestal intro-
duced a spatio-temporal contrast increment or decre-
ment, which was intended to saturate the MC-pathway
(Smith & Pokorny, 2003). Discrimination in the Pulsed-
Pedestal Paradigm was inferred to be mediated by the
PC-pathway. In the Steady-Pedestal Paradigm, the four-
square stimulus array was displayed continuously dur-
ing the protocol. The test square only was incremented/
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discrimination in the Steady-Pedestal Paradigm was in-
ferred to be mediated by the MC-pathway (Smith &
Pokorny, 2003).
To study spatial contrast sensitivity, we modiﬁed the
paradigms used in the previous work (Pokorny & Smith,
1997; Smith, Sun, & Pokorny, 2001). We used a large
uniform pedestal and superimposed narrow-band, spa-
tially localized test patterns of various spatial frequen-
cies. We chose as a pattern the sixth derivative of a
Gaussian or D6 (Swanson & Wilson, 1985). This pattern
has a one-octave spatial frequency bandwidth and has a
local appearance in space. For the Pulsed-Pedestal
Paradigm the temporal step in contrast produced by the
abruptly changed large pedestal was designed to de-
crease sensitivity of the entire population of MC-cells,
revealing activity in the PC-pathway.
There is a disadvantage in the use of the large ped-
estal for the Steady-Pedestal Paradigm. In the original
four-square array, PC-pathway discrimination always
depended on the contrast edges between the pedestal
and the surround (Smith & Pokorny, 2003; Smith,
Pokorny, & Sun, 2000) and thus always revealed the
characteristic contrast gain of the pathway. In compar-
ison MC-pathway behavior reﬂected adaptation to the
pedestal retinal illuminance. Thus, pathway activity
could be inferred without using the more complicated
paradigm needed to reveal the characteristic contrast
gain signature of the MC-pathway (Pokorny & Smith,
1997). With a large featureless pedestal, both PC- and
MC-pathways will adapt to the pedestal retinal illumi-
nance in the Steady-Pedestal Paradigm. There are no
contrast edges to drive the contrast response dependence
of the PC-pathway (Smith & Pokorny, 2003), and both
pathways should show only monotonic dependence on
the Steady-Pedestal retinal illuminance. We therefore
needed to rely on the temporal parameters to bias the
pathways. In experiment 1, we biased the Steady-Ped-
estal Paradigm detection to the MC-pathway by using a
brief pulse. In experiment 2, we biased the Steady-Ped-
estal Paradigm detection to the PC-pathway by using a
raised temporal cosine to eliminate temporal transients
at onset and oﬀset.Fig. 1. Example of a D6 pattern (left panel), three-dimensional image
of a D6 (right panel).2. Methods
2.1. Equipment
The stimuli were generated by a Macintosh PowerPC
Computer with a 10-bit Radius video card and were
displayed on a 17 in. NEC MultiSync FE750 color
monitor. The display resolution was set at 832 · 624 and
the refresh rate was 75 Hz. The monitor screen was
viewed binocularly at 1 m. Observers used a chin rest for
head stabilization.2.2. Spatial and temporal conﬁguration
A 10 surround was centered on the screen. The lu-
minance of the surround was maintained at 12 cd/m2
throughout the experiment (approximately 115 td, Le
Grand, 1968). The remaining screen area (15 · 11 of
visual angle) was set at 9.6 cd/m2, 80% of the surround
luminance. The test stimulus was a spatially localized,
narrow-band pattern, whose luminance proﬁle was de-
ﬁned by the sixth spatial derivative of a Gaussian
(Swanson & Wilson, 1985) in the horizontal dimension,
with a Gaussian envelope in the vertical dimension
(termed a ‘‘D6’’):
D6 ¼ C=15 15
n
 90ðx=rÞ2 þ 60ðx=rÞ4
 8ðx=rÞ6
o
eðx
2=r2x Þeðy
2=r2y Þ ð1aÞ
where rx and ry were space constants that deﬁned spa-
tial frequency components in cycles per degree visual
angle (cpd) and the extent of the vertical Gaussian en-
velope. The peak spatial frequency in cpd is given by
SFD6 ¼ 1:73prx ð1bÞ
The eﬀective contrast, C is given by
C ¼ Lmax  Lpedestal
Lpedestal
ð1cÞ
The D6 patterns have a narrow spatial frequency
bandwidth: 1.0 octave at half height. An example of a
D6 pattern is shown in Fig. 1 (left panel). We tested
seven peak D6 spatial frequencies: 0.25, 0.5, 1, 2, 4, 8,
and 16 cpd. The vertical dimension of the D6 was ﬁxed
at 2.5. The temporal presentation of the test pattern
was a pulse of 26.6 ms duration (2 refreshes at the 75 Hz
screen rate) in the ﬁrst experiment, and a 1 s temporal
raised cosine in the second experiment.
The test stimuli were presented on a 4 · 4 pedestal
for spatial frequencies above 0.25 cpd. For the 0.25 cpd
pattern, we increased the pedestal size to 5 · 5, so that
the pedestal edges would not interfere with the stimulus
pattern. There were six pedestal retinal illuminances
ranging from 72 to 182 td (1.86–2.26 log td). Thresholds
were also collected at the steady surround luminance.
Fig. 2. Contrast sensitivity (100/Cth) as a function of the peak spatial
frequency of the D6 pattern using the Pulsed- and Steady-Pedestal
Paradigms and a 26.6 ms pulse. Data for the Pulsed-Pedestal Paradigm
are shown by closed circles and solid line; open circles and dashed line
show data for the Steady-Pedestal Paradigm. Error bars represent ±1
se. The upper panel shows data for EK, the center panel shows data of
AL and the lower panel shows data of SP.
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frequencies · 7 pedestal retinal illuminances) for each
paradigm. Four dots at the corners of the pedestal
provided a ﬁxation aid.
2.3. Procedure
Observers used the ﬁxation aid to ﬁxate the center of
the screen. The observer ﬁrst adapted for 2 min to the
uniform 115 td display for the Pulsed-Pedestal or to the
display plus pedestal for the Steady-Pedestal Paradigm.
A two-interval temporal forced-choice procedure was
used in which the pedestal appeared in one interval and
the pedestal plus the D6 appeared in the other, with a
700 ms pause between the two. The observer identiﬁed
the interval containing the D6. The eﬀective contrast of
the D6 was varied to determine the detection threshold.
A double random alternating staircase, with a 3-yes–
1-no decision rule was used to determine two contrast
thresholds per condition. Staircases terminated after 10
reversals. The average contrast for the last eight rever-
sals was calculated, and the average of the two staircases
was taken as the estimate of the threshold contrast. In a
single session the pedestal luminance were ﬁxed and data
were collected for some or all seven peak spatial fre-
quencies. The observers completed three replications for
each condition. The ﬁnal threshold was calculated as the
average (±1 se) of the three replications.
2.4. Observers
Three observers (EK, SP and AL, females, aged 25,
20 and 30) with normal color vision and normal visual
acuity served as observers. Color vision was assessed
with the Ishihara pseudoisochromatic plates and the
Neitz OT anomaloscope. EK and AL were experienced
psychophysical observers and SP was a paid observer,
na€ıve as to the purpose and design of the experiment.
For experiment 1, observers AL completed all condi-
tions (seven spatial frequencies and seven pedestal illu-
minances) and SP completed all but one. EK provided
conﬁrmatory data at all spatial frequencies for the ma-
jority of pedestal illuminances. For experiment 2, ob-
servers AL and EK completed seven spatial frequencies
at a pedestal illuminance of 162 td and AL completed
seven pedestal illuminances at the 16 cpd spatial fre-
quency.3. Results
3.1. Experiment 1
Fig. 2 shows the spatial contrast sensitivity (100/Cth)
as a function of peak spatial frequency for the 162 td
pedestal. The two data sets are for the Pulsed- (closedsymbols) and Steady-Pedestal (open symbols) Para-
digms. Each panel shows a diﬀerent observer, EK in the
upper panel, AL in the center panel and SP in the lower
panel. For the Pulsed-Pedestal Paradigm, the data
showed a band-pass shape with peak sensitivity near 2
cpd. For the Steady-Pedestal Paradigm, the data showed
a predominantly low-pass shape and sensitivity declined
abruptly beyond 4 cpd. The contrast sensitivity data
were similar for all three observers and can be described
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1993, and citations therein), as shown in the ﬁgure by
solid and dashed lines.
The data suggested the existence of two mechanisms
with diﬀering low frequency behavior. Based on previ-
ous studies (Pokorny & Smith, 1997; Smith et al., 2001),
we hypothesized that data obtained in the Pulsed-Ped-
estal Paradigm were mediated by the PC-pathway and
data obtained in the Steady-Pedestal Paradigm were
mediated by the MC-pathway, at least at low frequen-
cies. To examine this hypothesis more closely we plotted
the data as a function of pedestal retinal illuminance
with spatial frequency as a parameter.
Fig. 3 shows threshold retinal illuminance (LogDI) as
a function of pedestal retinal illuminance (Log IP),
comparing the Pulsed-Pedestal (closed symbols), and
Steady-Pedestal Paradigms (open symbols). The left
panels show data for observer AL and the right panels
for observer SP. The upper panels show results at the
four lower spatial frequencies (0.25, 0.5, 1.0 and 2.0 cpd)
and the lower panels show results for the three higher
spatial frequencies (4.0, 8.0 and 16.0 cpd).Fig. 3. Pedestal threshold retinal illuminance (LogDI) as a function of pedest
Paradigm are shown by ﬁlled symbols and data for the Steady-Pedestal Para
AL, right panels show data for observer SP. The upper panels shows data for
(squares), 0.5 cpd (circles), 1 cpd (erect triangles), and 2 cpd (inverted triangle
peak spatial frequencies are 4 cpd (squares), 8 cpd (circles), and 16 cpd (ereFor the Pulsed-Pedestal Paradigm, the thresholds
increased as the pedestal retinal illuminance diverged
from the surround illuminance, resulting in contrast-
dependent V-shape curves. For the four low spatial
frequencies, thresholds showed a similar, shallow de-
pendence on pedestal contrast (upper panels). At high
spatial frequencies, the V-shapes were shallower (lower
panels). The thresholds decreased as spatial frequency of
the test increased from 0.25 to 2.0 cpd and then in-
creased for spatial frequencies above 2.0 cpd. For the
Steady-Pedestal Paradigm, thresholds increased mono-
tonically with pedestal retinal illuminance. Thresholds
showed similar values for 0.25, 0.5, 1.0, and 2.0 cpd
(upper panels) and increased with spatial frequency
above 2 cpd (lower panels). Data for the two observers
were similar and this ﬁnding was conﬁrmed on the third
observer. At low spatial frequencies, the thresholds for
the Pulsed-Pedestal Paradigm were higher than for the
Steady-Pedestal Paradigm but above 4 cpd, there was
little diﬀerence in the thresholds.
The dependence of the data on the paradigm at low
spatial frequencies was parallel to that observed with theal retinal illuminance (Log IP) in trolands. Data for the Pulsed-Pedestal
digm are shown by open symbols. Left panels show data for observer
four low peak spatial frequencies: peak spatial frequencies are 0.25 cpd
s). The lower panels show data for three high peak spatial frequencies:
ct triangles). Error bars represent ±1 se. Fits are described in the text.
Fig. 4. Contrast sensitivity (100/Cth) as a function of the peak spatial
frequency of the D6 pattern using a 1 s temporal raised cosine. Data
format follows that for Fig. 2. Fits are described in the text. Results
from Fig. 2 (closed circles) are replotted for comparison. The upper
panel shows data of EK and the lower panel shows data of AL.
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2001). The models developed in this earlier work could
describe the data. For the Pulsed-Pedestal Paradigm, the
V-shapes reﬂected the contrast gain signature of the PC-
pathway:
logðDIÞ ¼ logðKPISÞ þ log ðC
h
þ CsatÞ2
i
 log Csat½  ðkÞðC þ CsatÞ ð2Þ
where C is the pedestal contrast, IS is the surround ret-
inal illuminance (115 td), KP is a vertical scaling factor
for the Pulsed-Pedestal data and Csat is the semi-satu-
ration constant. The term, k is expected to be small. It is
needed primarily for data that start to show saturation.
Our data did not show saturation and the term was set
at zero. Previously, the ﬁts allowed two free parameters,
KP and Csat. However, the current data were noisier than
the previous work because the diﬀerent pedestal illumi-
nances were investigated on diﬀerent days. To com-
pensate for daily variability, we allowed the scaling
parameter KP to vary for the decrement and increment
pedestal retinal illuminances, giving three free parame-
ters. We ﬁt the four low spatial frequencies simulta-
neously with a shared value of Csat. The value of Csat was
0.96 for observer AL and 0.74 for observer SP. These
values are within the range for Csat noted in previous
work. At higher spatial frequencies, the slopes declined
(i.e. higher values for Csat). For AL the value of Csat
increased to 2.3 at 4 cpd. At 8 and 16 cpd, the value of
Csat was above 20. A zero slope was as good statistically
as using a ﬁnite value for Csat. For SP the value of Csat
increased to 1.0 at 4 cpd, 1.4 at 8 cpd, and 2.0 at 16 cpd.
The increase in the parameter Csat implies that the data
are approaching linearity at high spatial frequencies.
For the Steady-Pedestal Paradigm, thresholds in-
creased monotonically with pedestal retinal illuminance
and could be described by the equation
logðDIÞ ¼ logðKMISÞ þ logðIÞ ð3Þ
where IS is the surround retinal illuminance (115 td), KM
is a vertical scaling factor for the Steady-Pedestal data
and I is the test retinal illuminance (in trolands). The ﬁts
allowed 1 free parameter, KM for each spatial frequency.
The V-shapes obtained with the Pulsed-Pedestal
Paradigm are a characteristic signature of PC-pathway
contrast gain. Therefore, we conclude that the spatial
contrast sensitivity function obtained with this paradigm
is consistent with mediation by the PC-pathway. The
situation for the Steady-Pedestal Paradigm is more
complex. Since a monotonic function was obtained, we
do not have a characteristic signature of either pathway.
Further, since we used a large pedestal without any
contrast information, we expected that either pathway
should adapt to the steady pedestal. In the early work
with the four-square array, we noted that the MC-
pathway was much more sensitive than the PC-pathwayto brief, pulsed stimuli. The same result is true for the
low spatial frequencies: the Pulsed-Pedestal data lie
above the Steady-Pedestal data (upper panels of Fig. 3).
However, at 4 cpd there is little diﬀerence in threshold
between the two paradigms. The spatial contrast sensi-
tivity at high spatial frequencies may be determined by
the PC-pathway for both Pulsed- and Steady-Pedestal
paradigms. In any event, we infer from the data that at
spatial frequencies above 4 cpd, the PC-pathway is more
sensitive than the MC-pathway.3.2. Experiment 2
In previous work, (Smith & Pokorny, 2003) showed
that a 1 s temporal raised cosine waveform yielded near
identical V-shaped functions for both Pulsed- and
Steady-Pedestal Paradigms. This stimulus is poorly de-
tected by MC-pathway cells and allows examination of
the PC-pathway. We examined the sensitivity of the PC-
pathway to high spatial frequencies in the second ex-
periment using 1 s temporal raised cosine.
Fig. 4 shows the spatial contrast sensitivity (100/Cth)
as a function of peak spatial frequency for the 162 td
pedestal, comparing the Pulsed- (closed symbols) and
Steady-Pedestal (open symbols) Paradigms. Each panel
2138 A. Leonova et al. / Vision Research 43 (2003) 2133–2139shows a diﬀerent observer, EK in the upper panel and
AL in the lower panel. The contrast sensitivity functions
were similar for the two paradigms, showing a band-
pass characteristic with peak spatial frequency near 4
cpd. Results depicted by closed circles are replotted
from Fig. 2 for comparison. There was an overall im-
provement in contrast sensitivity for the raised cosine
presentation that was probably due to temporal sum-
mation. Temporal summation over 100 ms was observed
in the PC-pathway (Pokorny & Smith, 1997). Addi-
tionally there was a shift in peak sensitivity to a higher
spatial frequency. This improvement in peak spatial
frequency with increased duration might indicate the
time-dependent recruitment of high spatial frequency
channels in the PC-pathway.
In experiment 1, the characteristic V-shapes we at-
tributed to PC-pathway contrast gain were noted pri-
marily at low spatial frequencies (Fig. 3). For observer
AL we ﬁxed the peak spatial frequency at 16 cpd and
varied the pedestal retinal illuminance using the raised
cosine presentation. These data were obtained in a
minimum number of sessions to reduce inter-session
observer variation. The results are shown in Fig. 5,
plotted in the format used for Fig. 3. For the Pulsed-
Pedestal Paradigm, the data appeared ﬂat and were ﬁt
by a line of zero slope. For the Steady-Pedestal Para-
digm, data followed a monotonic rising function and
were ﬁt with Eq. (3). In this case, the PC-pathway
adapted to the large pedestal and showed monotonic
dependence on the Steady-Pedestal retinal illuminance.
These data thus conﬁrmed the trends of experiment 1.
The contrast response of an individual retinal ganglion
cell depends on spatial frequency and contrast gain de-
clines at high spatial frequencies (Croner & Kaplan,
1995). Additionally, the psychophysical data reﬂect av-
eraging of multiple narrow-band cells in the PC-path-Fig. 5. Pedestal threshold retinal illuminance (LogDI) as a function of
pedestal retinal illuminance (Log IP) in trolands using a 1 s raised
temporal cosine presentation. Data format follows that for Fig. 3.way. The average of individual PC-pathway cells with
varying spatial sensitivity will diminish the overall con-
trast response.4. Discussion
This experiment showed that the Pulsed- and Steady-
Pedestal Paradigms could be adapted to look at spatial
frequency processing in PC- and MC-pathways. We
hoped that our method would yield the entire spatial
frequency function associated with pathway activation
under conditions that varied only the pre-adaptation.
This proved correct for the PC-pathway. However, we
were able to assess the MC-pathway only at spatial
frequencies below 4 cpd. Our data did establish a low-
pass characteristic for the MC-pathway and that the PC-
pathway was the more sensitive above 4 cpd. The data
conﬁrmed interpretations that have emerged from pre-
vious studies (Legge, 1978; Wilson, 1980). Our data
agree with Lennie (1993) who suggested that processing
of luminance information is mediated at low spatial
frequencies by the MC-pathway, and at high spatial
frequencies by the PC-pathway. This point of view im-
plies that the PC-pathway participates not only in the
processing of chromatic information but also of lumi-
nance patterns.
For both paradigms, the spatial contrast sensitivity
functions agreed with other psychophysical studies
(Kulikowski & Tolhurst, 1973; Legge, 1978; Wilson,
1980). The human psychophysical data represent an
upper envelope of a population of receptive ﬁelds
varying in size and sensitivity. They do not resemble
single cell data of macaque retinal ganglion cells. Single
cell data show band-pass characteristics (Croner &
Kaplan, 1995; Derrington & Lennie, 1984; Lee, Kre-
mers, & Yeh, 1998; Rodieck, 1965). The center Gaussian
radii estimated near the fovea are about 2–4 min of arc,
much smaller than values ﬁtted to the data of Fig. 2.
Thus although the psychophysical data are consistent
with activation of a given inferred retinal pathway, there
is considerable reorganization of the retinal outputs in
determining the psychophysical data.
In earlier work, Smith et al. (2001) investigated spatial
summation using a four-square array as a spatial stim-
ulus and a brief temporal presentation. The Pulsed-
Pedestal Paradigm yielded data that showed partial
spatial summation for test squares up to 4. The Steady-
Pedestal Paradigm yielded data consistent with spatial
summation studies in the classical literature. The dis-
crepancy between the extensive PC-pathway spatial
summation shown by Smith et al. (2001) and superior
high spatial frequency sensitivity gives clues to the nature
of higher order cortical processing. For simple spatial
stimuli, it is the contrast signal generated at the edges of
the stimulus that is important, i.e. the summation is
A. Leonova et al. / Vision Research 43 (2003) 2133–2139 2139along contrast edges. The prolonged temporal summa-
tion shown by the PC-pathway must have a cortical or-
igin (Lee, Pokorny, Smith, Martin, & Valberg, 1990;
Yeh, Lee, & Kremers, 1995). We suggest that one
property of cortical processing in the PC-pathway is the
sacriﬁce of temporal resolution to achieve higher order
mechanisms tuned to both spatial frequency and orien-
tation, and capable of high spatial frequency processing.Acknowledgements
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